Dopaminergic medications ameliorate many of the motor impairments of Parkinson's disease (PD). However, parkinsonism is often only partially reversed by these drugs, and they can have significant side effects. Therefore, a need remains for novel treatments of parkinsonism. Studies in rodents and preliminary clinical evidence have shown that T-type calcium channel (TTCC) antagonists have antiparkinsonian effects. However, most of the available studies utilized nonselective agents. We now evaluated whether systemic injections of the specific TTCC blocker ML218 have antiparkinsonian effects in MPTP-treated parkinsonian Rhesus monkeys. The animals were treated chronically with MPTP until they reached stable parkinsonism. In pharmacokinetic studies we found that ML218 reaches a peak CSF concentration 1-2 hrs after s.c. administration. In electrocardiographic studies, we found no effects of ML218 on cardiac rhythmicity. As expected, systemic injections of the dopamine precursor L-DOPA dosedependently increased the movements in our parkinsonian animals. We then tested the behavioral effects of systemic injections of ML218 (1, 10 or 30 mg/kg) or its vehicle, but did not detect specific antiparkinsonian effects. ML218 (3 or 10 mg/kg) was also not synergistic with L-DOPA. Using recordings of electrocorticogram signals (in one animal), we found that ML218 increased sleep. We conclude that ML218 does not have antiparkinsonian effects in MPTP-treated parkinsonian monkeys, due at least in part, to the agent's sedative effects.
INTRODUCTION
Current pharmacologic therapies for parkinsonism almost exclusively rely on restoring dopaminergic transmission in Parkinson's disease (PD) patients, either by providing them with the dopamine precursor L-DOPA, or by administration of dopamine receptor agonists. However, dopaminergic therapy does not fully reverse parkinsonism in many patients, and can lead to unwanted side effects. Thus there remains a need to explore other therapeutic options for patients with PD.
The loss of the dopamine innervation to the striatum and other basal ganglia in PD triggers the appearance of altered firing patterns throughout the basal ganglia-thalamocortical circuits. 1 Among such abnormalities, in PD patients and in animal models of parkinsonism, neurons in the basal ganglia and in the motor thalamus show an increased tendency to fire in bursts (e.g., ref. 2, [3] [4] [5] [6] [7] [8] [9] [10] ). In parkinsonian animals, the increased bursting parallels the development of parkinsonism. 11, 12 Effective antiparkinsonian treatments, such as deepbrain stimulation (DBS) or dopamine replacement therapy reduce bursting, [13] [14] [15] highlighting the behavioral importance of this firing abnormality. ethosuximide and zonisamide have TTCC inhibitory activity, but also act at several other pharmacological targets, [27] [28] [29] [30] [31] [32] [33] [34] [35] complicating the interpretation of the mechanisms of action behind the antiparkinsonian effects of these drugs.
Recently, we have developed new highly specific TTCC blockers with high brain permeability, 36, 37 including voltage-independent and voltage-dependent drugs. [38] [39] [40] One of the voltage-independent agents, ML218, has demonstrated anti-cataleptic properties in the haloperidol-induced catalepsy model in rats, 38 a commonly used model to test antiparkinsonian effects of drugs. Here we investigated the potential antiparkinsonian properties of ML218 in MPTP-treated stable parkinsonian Rhesus monkeys. We also studied sedative and cardiac effects of ML218 that could interfere with potential antiparkinsonian actions.
RESULTS AND DISCUSSION

Pharmacokinetic studies
We examined the pharmacokinetic profile of ML218 after systemic administration to Rhesus monkeys. Following a 10 mg/kg subcutaneous (s.c.) injection of ML218 (in 10% EtOH/40% PEG/50% saline), we observed a typical absorption-phased-limited disposition of ML218 in vivo as evidenced by a rapid time to achieve a maximal plasma concentration (T max ) and a systemic concentration of the parent compound that plateaued through 24 hours ( fig. 1 ). An in vitro assessment of the permeability properties of ML218 in MDCK-MDR1 (MDCK-Pgp) cells indicated that the compound was freely diffusing across a cellular monolayer (P app AB , 2.6e − 6 cm/sec) and was not a substrate for efflux mediated by Pgp (Efflux Ratio, 0.9). Coupled with a relatively high fraction of unbound compound in Rhesus monkey plasma (F u , 0.09), we predicted that ML218 would distribute into the brain in animals receiving the drug by s.c. administration (as previously reported in rats 38 ). Indeed, the timeconcentration profile of ML218 depicted in figure 1 indicates that the compound distributes to the CNS, as it achieves CSF levels that reach a T max (1-2 hr) similar to that observed in plasma. Importantly, the CSF concentrations observed experimentally mirror our predicted CSF time-concentration profile (figure 1, dotted line) that was generated using the calculated unbound concentration of ML218 in plasma (data not shown). These data are consistent with the principle that, for compounds that are freely diffusible and not substrates for efflux proteins, the unbound plasma concentration will reflect the unbound brain and CSF concentrations at equilibrium. 41, 42 For subsequent studies, ML218 was administered using a 10% Tween saline mixture to avoid unwanted side effects common with formulations high in ethanol content.
Assessment of electrocardiographic effects
We next examined whether ML218 affects electrical cardiac activities which could limit the usefulness of this drug. These experiments were carried out in three of the animals, using s.c. injections of ML218 (10 mg/kg and 30 mg/kg) or vehicle, under ketamine sedation. We found that, at the doses studied, ML218 had minor negative chronotropic effects (lengthening the R-R interval in all animals at the 30 mg/kg dose), but no consistent effects on the other parameters studied ( fig. 2 ). There were no systematic effects on the shape/ amplitude of any component of the ECG in these experiments.
Behavioral studies
We examined if ML218 has antiparkinsonian effects when administered to MPTP-treated parkinsonian monkeys. Six monkeys received weekly administrations of MPTP, until stable parkinsonism developed. At the beginning of these studies, at least 6 weeks have passed after the last MPTP administration and all monkeys were considered stable parkinsonian according to our behavioral evaluations (see Methods). To test the behavioral effects of systemic drug administrations, the monkey was transferred to an observation cage, in which the spontaneous movements of the monkey were monitored via infrared beam break counting, or by an observer who counted the number and type of movements by using a computer-assisted method (see Methods). In each session, the animal was allowed to habituate to the cage for at least 15 minutes.
Antiparkinsonian effects of L-DOPA-First, we assessed the anti-parkinsonian effects of L-DOPA in this group of monkeys. After habituation to the cage, a baseline of motor behavior was established for that session (15 min before drug injection, see fig. 3A ). We tested the effects of L-DOPA at 5 mg/kg, 10 mg/kg, 15 mg/kg and 20 mg/kg (in combination with benserazide) to identify doses providing significant (but not maximal) antiparkinsonian effects for the subsequent experiments testing the combination of L-DOPA and ML218.
The results are shown in figure 4 (in figures 4 and 5, changes in movement are shown as seen by the observer (figure 4A and 5A) and as monitored via beam break counting (figure 4B and 5B)). As expected, L-DOPA had strong, dose-dependent antiparkinsonian effects in all animals, significantly different from the vehicle for all L-DOPA doses tested in the number of movements (Mann-Whitney U=159.5, 64, 11, and 29, for 5, 10, 15 and 20 mg/kg respectively, all p<0.001) and in the number of beam breaks (activity counts, Mann-Whitney U=215, p=0.007 for 10 mg/kg, U=114, p<0.001 for 15 mg/kg; U=38, p<0.001 for 20 mg/ kg).
Behavioral effects of ML218-Once established that the parkinsonism in these animals was reduced with systemic L-DOPA injections, we evaluated the effects of ML218. Based on our pharmacokinetic studies (figure 1), we examined the effect of ML218 1 hour after the systemic administration of the compound ( fig. 3B ), using concentrations of 1, 10, and 30 mg/kg (based on published rodent studies 38 ). Figure 4 shows the effects of ML218 on motor behavior (center bars in figures 4A and 4B). The compound had no antiparkinsonian effects at any of the doses tested. In fact, in some cases, the drug reduced the number of movements (Mann-Whitney U=24, p=0.006, for 10 mg/kg) and the activity counts (Mann-Whitney U=20, p=0.002 for 10 mg/kg), compared to baseline.
We hypothesized that, even if ML218 on its own did not show antiparkinsonian effects in our monkeys, the combination of this compound with L-DOPA could enhance the effects of a submaximal dose of L-DOPA. The animals were first observed for 15 minutes as described above, and then exposed to vehicle (Tween80) or ML218 (s.c., 3 mg/kg). Sixty minutes later, they received L-DOPA (i.m., 10 mg/kg, plus 2.5 mg/kg benserazide, fig. 3C ). The animals were examined for a 15 minute period immediately before the L-DOPA exposure, and for 5 additional 15-minute periods thereafter. The relatively low dose of ML218 was chosen because higher doses induced mild sedation in some animals (an effect that we further investigated with ECoG recordings, see below), and the dose of L-DOPA was chosen because it had moderate antiparkinsonian effects when given alone ( fig. 4 ). L-DOPA had the expected antiparkinsonian effect, more noticeable in the number of movements (figs. 4A and 5A). However, addition of ML218 3 mg/kg did not alter the L-DOPA-mediated responses. Neither the number of movements (Mann-Whitney U=323, p=0.06) nor the activity counts (Mann-Whitney U=380, p=0.301) were significantly different when ML218 was added to the L-DOPA treatment ( fig. 4 ). The time course of the response to L-DOPA was also unchanged ( fig. 5 )
Effects of ML218 on the state of arousal and ECoG signals
Given that we observed (presumed) sedative effects of ML218 administration, we examined the effects of ML218 on arousal, by recording ECoG signals after systemic injections of the compound in one MPTP-treated stably parkinsonian monkey. Examples of ECoG traces obtained during wake and sleep episodes are shown in fig. 6A .
After systemic administration of ML218 (3 mg/kg), the animal showed a larger number of sleep periods compared to the awake periods. The sleep ratio, i.e., the ratio of time within 120 minutes after ML218, was significantly higher than after vehicle injections (0.09 ± 0.06 and 0.54 ± 0.06; for vehicle and ML218 injections, respectively, p=0.008, Mann-Whitney test; fig. 6B ). As in the observation cage experiments, the number of spontaneous movements was significantly reduced after ML218 treatment compared to measurements after vehicle injections (51.07 ± 6.42 and 25.39 ± 4.52 mean number of movements per 5 minute of observation in experiments using vehicle and ML218 treatments, respectively; p=0.016 Mann-Whitney test, fig. 6C ). In the ECoG signals, the oscillatory power in the delta frequency range (a frequency range associated with sleep states) was significantly higher after ML218 treatment when compared to vehicle injections (1.6 × 10 −4 ± 1.7 × 10 −5 and 3.4 × 10 −4 V ± 4.6 × 10 −5 for vehicle and ML218 sessions, respectively, p=0.008, Mann-Whitney test).
Dopamine loss, as assessed by TH immunoperoxidase staining-Post-mortem
histological analysis showed that TH immunolabeling in the post-commissural putamen and caudate was reduced by 87 ± 3% and 89 ± 3% (mean ± SEM), respectively, in the 7 MPTPtreated animals, compared to the mean of measurements from 3 non-treated monkeys.
In summary, our studies examined whether the selective TTCC blocker ML218 has antiparkinsonian properties in MPTP-treated Rhesus macaques. We did not detect improvements in the parkinsonian signs of these monkeys after ML218 injections, but found that the agent had sedative effects. The systemic injections of ML218, at the doses used in our study, had minimal effects on the ECG, and did not produce other adverse effects.
Our pharmacokinetic studies, coupled to assessment of permeability and efflux of ML218, indicated that the compound distributes in the brain after systemic administration. These 
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Author Manuscript methods allowed us to accurately predict ML218 concentrations in the CSF along time, with a minimal need of CSF collections.
ML218 is a highly specific TTCC blocker. Our recent studies of the neuronal effects of intrathalamic microinjections of ML218 in MPTP-treated animal suggested that this compound can regulate thalamocortical transmission. 43 In these studies ML218 reversed some of the parkinsonian-induced abnormalities in ventral thalamic neuronal activity, 43 specifically lowering the proportion of rebound burst and low-threshold spike (LTS) bursts, along with a reduction of pathological oscillations in the 3-30 Hz frequency range. Adding to the observation that ML218 could have antiparkinsonian properties are studies in the haloperidol-induced catalepsy model in rats in which the drug had strong anti-cataleptic properties, 38 and that ML218 locally applied in the STN reduces parkinsonian motor symptoms in rodents. 21 These findings provided a strong foundation for the hypothesis of potential anti-parkinsonian effects of systemic administration ML218 in MPTP-treated parkinsonian monkeys tested in the present study.
However, similar pro-kinetic properties of ML218 were not observed in our studies in MPTP-treated parkinsonian animals. At the doses tested, ML218 also did not enhance the behavioral effects of a subthreshold dose of L-DOPA. The lack of antiparkinsonian effects is likely not due to a low sensitivity of our behavioral observation methods, because the antiparkinsonian properties of low-dose L-DOPA injections were readily identified. Of course, it cannot be ruled out that ML218 produced subtler effects that were not tested in our studies, such as improvement in fine motor behavior or changes in motor learning.
It is possible that the drug concentration in the brain were not high enough to sufficiently block TTCCs. While our pharmacokinetic studies indicated that ML218 reached a maximal concentration in the CSF 1-2 hours after a 10 mg/kg administration, and remained at a stable CNS concentration for many hours after the administration, the average maximal concentration achieved in the CSF after the 10 mg/kg test dose of ML218 (30 nM) was lower than the concentrations used in in vitro electrophysiology experiments to block TTCCs. 38 However, the dose of 10 mg/kg induced clear changes in the ECoG signals, suggesting that the concentration achieved in the CSF was sufficient to induce functional changes (because of the sedating qualities of the agent, it was impractical to use higher concentrations of this drug, see below).
We have previously shown that local injections of ML218 in the motor thalamus of parkinsonian monkeys reduces some of the rebound bursting associated with parkinsonism. 43 Assuming that systemic injections of ML218 also resulted in a reduction of rebound firing in the motor thalamus, the lack of antiparkinsonian effects argues against a strong role of rebound bursting in the pathophysiology of parkinsonism. However, the outcome of the present study could also be explained by the unexpectedly strong sedative effects of the compound. We observed that some of the animals appeared more lethargic after the systemic injections of ML218 than after injection of vehicle. This impression was confirmed by recordings of ECoG signals that demonstrated an increased frequency of sleep periods and sleep-related ECoG rhythms. It is possible that these effects are mediated via the ML218-induced TTCC blockade. TTCCs have, in fact, been implicated in the regulation of wakefulness. [44] [45] [46] Although our results suggest that the antiparkinsonian effects observed in early studies using nonspecific TTCCBs 22, 23, 25, 26 could have been due, at least in part, to effects of the drugs at molecular targets other than TTCCs, they do not rule out that other types of selective TTCC blockers could be more effective at reducing parkinsonism. Alternatively, ML218 (or other TTCC blockers with sedative effects) could be tested in combination with a stimulant, such as modafinil or caffeine, to promote alertness in PD patients. 47, 48 It could be argued that voltage-dependent TTCC blockers could be advantageous over ML218 to achieve more noticeable antiparkinsonian effects, because, by stabilizing the channel in an inactive state, 39, 40 voltage-dependent drugs could help reduce parkinsonismrelated pathological oscillations. However, at least one voltage-dependent TTCC, TTA-A2, promotes slow-wave sleep in mice, 39, 40 which would limit is antiparkinsonian properties, as we observed for ML218.
ML218 blocks the three subtypes of TTCC (Cav3.1, Cav3.2 and Cav3.3). 38 Given that sleep effects might be modulated by thalamocortical networks, 40 while antiparkinsonian effects could be more closely related to STN oscillations, 21 it would be of interest to explore TTCC blockers with enhanced effect at STN over corticothalamic neurons. This may be achieved with subtype-selective TTCC blockers. STN neurons, at least in rodents, express high levels of mRNA for Cav3.3 and Cav3.2, while thalamic relay neurons have high expressions of Cav3.1. 43, 49 We conclude that ML218 does not have usable antiparkinsonian effects in MPTP-treated parkinsonian monkeys at the doses tested here. Our results suggest that further studies of antiparkinsonian potential of TTCC blockers should take into consideration possible sedative effects of these drugs.
METHODS
Animals
All experiments were conducted according to the "Guide for the Care and Use of Laboratory Animals" 50 
Liquid-Chromatography-Mass Spectrometry Bioanalysis-Plasma and CSF samples originating from in vivo studies were analyzed with electrospray ionization by an
AB Sciex Q-TRAP 5500 (Foster City, CA) that was coupled to a Shimadzu LC-20AD pumps (Columbia, MD) and a Leap Technologies CTC PAL auto-sampler (Carrboro, NC). Samples containing ML218 were subjected to a gradient elution using a C18 column (3 × 50 mm, 3 μm; Fortis Technologies Ltd, Cheshire, UK) that was thermostated at 40 °C. For the HPLC, the mobile phase A was 0.1% formic acid in water (pH unadjusted), and the mobile phase B was 0.1% formic acid in acetonitrile (pH unadjusted). A 30% B gradient was held for 0.2 minutes and was linearly increased to 90% B over 0.8 minutes, with an isocratic hold for 0.6 minutes, prior to transitioning to 30% B over 0.1 minutes. The column was reequilibrated (1 minute) prior to the next sample injection. The total run time was 2.5 minutes and the HPLC flow rate was 0.5 mL/min. The source temperature was set at 500 °C and mass spectral analyses were performed using multiple reaction monitoring (MRM) of transitions specific for the test articles and metabolites, and utilizing a Turbo-IonsprayR source in positive ionization mode (5.0 kV spray voltage). All data were analyzed using AB Sciex Analyst 1.5.1 software. 
where P app represents the apparent permeability of the test article across a monolayer of cells; dQ/dt or (VdC)/dt is the rate at which the test article traverses the cell monolayer; V is the sample volume and A is the exposed cell monolayer surface area; and C 0 is the initial concentration fortified in the donor compartment. The efflux ratio (ER) is the ratio of P app,BA (basolateral [B] to apical [A]) to that of the P app,AB (apical [A] to basolateral [B]), which stand for the drug permeability from either side of the cell monolayer. The integrity of the cell monolayers was verified by TEER values and the permeability of propranolol. The function of Pgp was confirmed by measuring the ER of loperamide. In our experiments, TEER > 80 Ω·cm 2 and P appAB of propranolol in the range of (2-10) × 10 −6 cm/sec were acceptable for MDCK-WT and MDCK-Pgp cells. An ER of loperamide > 3 was considered as acceptance criteria for Pgp functioning in MDCK-Pgp cells
In vivo studies in primates
MPTP treatment and assessment of parkinsonism-The animals received weekly administrations of MPTP (Natland International, Morrisville, NC; 0.2-0.8 mg/kg, i. m.). The MPTP treatment was carried out for 6-13 months and the total amount of MPTP delivered ranged from 4.2-17.5 mg/kg. Each week, the degree and stability of parkinsonism was evaluated as previously described. [51] [52] [53] We used a parkinsonism rating scale (rating bradykinesia, limb akinesia, posture, action tremor, finger dexterity, home cage activity, balance and freezing, each on a 0-3 scale, to a maximum of 30 points) and observations of the spontaneous motor behavior in an observation cage. The cage was equipped with 8 infrared beam/reflector pairs, mounted in two rows of 4 beam/reflector pairs, front-to-back and side-to-side of the cage. Beam crossings generated TTL pulses. The pulses were timestamped, and the timing information collected to computer disk, thus allowing us to quantify the number of times the beams were broken as a measure of the animal's movement. The animals were also observed via a CCTV system and their movements logged by an observer who pressed keys on a keyboard coding movements of specific body parts. The key presses from an observer can be more sensitive to detect small movements (such as finger movements or small head rotations) that may not be detectable by counting of infrared beam breaks. To be considered moderately parkinsonian, a monkey had to score >10 on the parkinsonism rating scale and show a reduction of >50% in the number of movements performed in the observation cage compared to pre-MPTP assessments, for at least 4 consecutive weeks after the last MPTP injection.
Effects of ML218 on cardiac function-To examine whether ML218 affects electrical cardiac activities, we injected ML218 (s.c., 10 and 30 mg/kg) in three monkeys. Two hours after the ML218 injection, the animals were sedated with ketamine (10 mg/kg, i. m.) and a standard three-lead ECG was obtained. The ECG records were visually inspected, and PR-, RR-, and RT-intervals were measured for statistical evaluation.
Effects of systemic injections of L-DOPA or ML218 on motor behavior in parkinsonian monkeys-For behavioral assessments we used the cage observation methods described above. For each experimental session, the monkey was transferred to the observation cage and allowed to habituate for at least 15 minutes, followed by a baseline observation period of 15 minutes. The drug was injected after gently moving the monkey to the front of the cage using a sliding back panel of the cage. Immediately after the injection the back panel was released. The animal was observed for 75 minutes after the L-DOPA administration. For ML218 experiments, the observations started one hour after the injection (to study the effects of the maximal ML218 plasma and CSF concentrations, based on the pharmacokinetic data obtained, see Results), and lasted for 75 minutes. In experiments where the combined effects of LDOPA and ML218 were evaluated, the animals were observed for a 15 minute (drug-free) baseline period, followed by administration of ML218.
A second (pre-L-DOPA) baseline was obtained 45 minutes later, followed by the L-DOPA injection ( fig. 3C ). Subsequent to these L-DOPA injections, the animals were observed for 75 minutes.
ML218 was administered s.c. at doses of 1-30 mg/kg (1-10 mg/ml in 10% Tween80/90% saline). L-DOPA was combined in a 4:1 ratio with benserazide (Sigma-Aldrich), dissolved in saline, and injected i.m. Each drug and dose (or combination of drugs) was tested ≥ 2 times in at least 5 of the 6 animals, except for L-DOPA doses 15 and 20 mg/kg and ML218 30 mg/kg, which were tested in 4 of the 6 animals. Throughout these studies, individual animals were treated only a few times with L-DOPA, so that dyskinesias did not develop.
During each behavioral session we obtained two principal measures of the animal's movements, the number of infrared beam breaks ("Activity Counts") and the number of movements performed by the animal as counted by key presses by an observer ("Number of Movements"). Both measurements were normalized to the duration of the observation period, and reported as per-minute values. To take into account the day-to-day variability in behavior, the baseline data from each session was subtracted from the data obtained after the drug administration. We then used the median of all time points measured during the observation session (5 periods of 15 minutes each) for statistical comparisons. The results were compared with non-parametric Mann-Whitney tests (SPSS, IBM). Bonferroni correction for multiple comparisons was applied.
Electrocorticogram studies
Surgery, systemic injections and recording methods-Studies of simultaneously sampled video and Electrocorticogram (ECoG) signals were done to study the effects of ML218 on arousal. These experiments were carried out in one MPTP-treated, parkinsonian monkey. The monkey (male, 11 kg) was first habituated to be handled by the experimenter and to sit in a primate chair and then underwent an aseptic surgery under isoflurane anesthesia (1-3%) for placement of epidural bone screw electrodes which were embedded, along with a stainless steel head holder, into an acrylic 'cap'. Four epidural screw electrodes (diameter: 0.25 mm, length 0.4 mm) were inserted bilaterally over the primary motor cortex (M1, two electrodes on each side) through small holes drilled in the skull. Wires from the ECoG electrodes were soldered to a 9-pin connector that was also embedded in the acrylic. The monkey received post-surgical analgesics and prophylactic antibiotics. Several months after the surgery, we carried out s.c. injections of ML218 or the corresponding vehicle (10% Tween80/90% saline). A total of 10 recording sessions were performed, 5 with ML218 and 5 with vehicle injections. The injections were done at approximately the same time of day and separated by at least 48 hours. The ECoG recordings started 15 minutes after the injection and lasted for 2 hours. During the recordings, the head of the animal was fixed. The animal's behavior was continually monitored through a streaming video system. ECoG signals were amplified, band-pass filtered (0.1-3kHz) and sampled at 1 kHz. The video signals, synchronized to the ECoG signals were stored to computer disk with a data acquisition interface (Power 1401; CED, Cambridge, UK) and commercial software (Spike2, CED).
Scoring of state of arousal and motor behavior-
The animal's state of arousal during the ECoG sampling sessions was manually scored, using the off-line "sleep score" Spike2 script (CED) on consecutive 10 second epochs of synchronized face video and ECoG data 52 . Epochs with artifacts were not considered. For each epoch, the animal was classified as "awake" if it was attentive to its surroundings with eyes open, and showed low-amplitude ECoG. "Sleep" episodes were defined as periods during which the monkey was quiet with its eyes closed while the ECoG signals exhibited high amplitude slow activity 52 Spectral analysis-Spectral analyses were done off-line with custom-written MATLAB scripts (MATLAB version 7.6, The Mathworks, Natick, MA, USA). The ECoG signals (down-sampled to 500 Hz) were band-pass-filtered with a second order Butterworth filter (0.1-100Hz) and line noise artifacts were removed using a 60 Hz second order Butterworth notch filter. Power spectral density was computed using the Welch technique, with Hamming windowing, and a fast Fourier transform segment length of 256 samples with no overlap, resulting in a final spectral resolution of 1.9 Hz. The spectral power was calculated for 5 frequency bands: 0-3.9 Hz (delta band), 3.9-7.8 Hz (theta band), 7.8-11.7 Hz (alpha band), 11.7-29.3 Hz (beta band), and 29.3-99.6 Hz (gamma band). The spectral analyses were done on 'sleep' and 'awake' epochs combined (see above) and were done for the ECoG signals from the left M1 (data from the right side were similar [not shown]). Data from ML218 injection sessions were compared to data from vehicle injection sessions with a Mann-Whitney rank sum test, using a significance criterion of p < 0.05.
Termination of the experiments and post-mortem assessment of dopamine loss
Once the experiments were completed, the animals were euthanized with pentobarbital (100 mg/kg), and perfused transcardially with Ringer solution followed by a fixative solution (4% paraformaldehyde/0.1% glutaraldehyde in PBS 0.01 M, pH 7.4). The brains were then removed and cut in the coronal plane in 60 μm sections with a vibrating microtome. Sections containing the striatum were immunolabeled for tyrosine hydroxylase (TH) to confirm the dopamine loss induced by MPTP treatment. Brain sections from normal animals (available from our tissue bank) were processed in parallel and served as controls. The histological processing and analysis of the TH immunostaining was done as reported in detail before. 51, 54 
